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The oxide matrix composites oxidize very severely, particularly in the case of Zr0p
and Yp03. The large vapor pressure of Bp03 formed at the diboride/oxide interface
presents serious problems in a very short period of time, when the composites are exposed
to oxidizing conditions above 1600°C. Matrices of Al703 and CaZr03 are also not very
effective, but are significantly better than Zr05 and Y03. '

Since the oxides were not very effective, the ability of MoSip to protect TiBy against
oxidation at ultrahigh temperatures was studied using a particulate composite of 20w%TiB)
in a matrix of MoSip. When heat treated in air at 1650°C, this composite forms a pro-
tective layer of borosilicate glass containing Ti0p whiskers. Although this layer
is not as protective as pure silica which forms on the surface of the monolithic MoSip,
the silicide matrix is far superior to the oxide matrices in protecting the diborides
against oxidation.

Hence, although oxide matrices do not hold any promise for protecting diboride rein-
forcements in oxidizing conditions at these ultrahigh temperatures, it may be possible
to use silicides as either a matrix or as a diffusion barrier to protect diborides
against oxidation.
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1. INTRODUCTION

The focus of this project is an understanding of the material stability
and environmental degradation of potential diboride reinforced oxide matrix
composites exposed to oxidizing conditions at ultrahigh temperatures in
the range of 1650-2100°C.

The specific diborides of interest are TiBy and ZrBp, because of their
high melting points and their superior strengths at the ultrahigh tempera-
tures of interest.] The major emphasis of this project was on TiBj
which is attractive because of its high melting point (2970°C), strength
at very high temperatures and low density (4.52 g/cc). Figure 1 illustrates
the phase diagrams for TiBy and ZrBp, whereas Figure 2 compares the
high temperature strength of TiBy with several other potential high
temperature structural materials.

Although the diborides are attractive from the high temperature strength
considerations, their major drawback is their susceptibility to oxidation.
Hence, the critical aspects of the oxidation of diborides are reviewed in
section 1.1.

The potential for using diborides as reinforcements in oxide matrices
is of primary interest in this program. The matrix materials considered are
Ir0» and Y203, because of their relatively high melting points (Zr02:2715°C,
Y203:2410°C). In order for these oxide matrices to be effective in preventing
oxidation of the diboride reinforcements, it is important to understand the
kinetics of transport of oxygen through these oxides and this is surmarized in
section 1.2.

The potential for using silicides as additions to improve the oxidation
resistance of diborides is another area of interest in this program. MoSip
has excellent high temperature oxidation resistance through the formation of
a protective silica layer and is, hence, attractive as an addition or as a

1-1
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barrier layer for improving the oxidation resistance of the diborides. The
oxidation of MoSip and of composites of SiC and TiBp are, therefore, re/iewed
in sections 1.3 and 1.4

1.1 OXIDATIUN OF DIBORIDES

Diborides oxidize readily to form Bp03 which becomes a liquid at 490°C
and vaporizes very rapidly above 1100°C. In addition, Bp03 is extremely
corrosive. Several studies related to the oxidation of ZrBy and TiB in
the temperature range of 900 to 1800°C have been reported2‘7. In the case
of ZrBp, if the oxidation occurs stoichiometrically, the reaction will be:

Ir8p + 5/2 0p = ZrO2 + Bo03

At lower temperatures (about 900 to 1100°C), the scale consists of an
inner layer of Zr(0p with an outer glassy oxide layer of Bp03. The reaction
takes place at the oxide/diboride interface and B203 which is in Tiquid form
diffuses through the ZrQs layer to the outer surface, where it volatilizes.
At higher temperatures (above 1100°C), the high volatility of By03 causes
disappearance of the outer glassy layer.

On the other hand, when exposed to very low pressures of oxygen, diborides
are stable and do not form significant amounts of volatile species even at
ultrahigh temperatures.

In order for the diborides to have any potential for applicability as
reinforcement materials for composites in oxidizing envirionments, the matrix
must be able to prevent penetration of oxygen to the diboride reinforcement
and of B»o03 vapor to the surface. In addition, the matrix and the diboride
must be chemically compatible at the temperatures of interest.

1.2 OXYGEN TRANSPORT THROUGH OXIDES

Although Zr03 and Hf0p with the flourite crystal structure have high
melting points, they are notorious for ‘“eir high permeability to oxygen.
The presence of a large void in the center of the fluorite unit cell allows

1-4




oxygen to diffuse very rapidly through these oxides. Y203 is not much
better either, because of its open cubic crystal structure which is
similar to the fluorite structure.

a-A1203 offers the best crystal structure for reducing oxygen transport
because of its rhombohedral packing, and although it has a lower melting
point (2054°C), than the other oxides, it is of particular interest in
this study. However, its effectiveness as an oxygen diffusion barrier at
ultrahigh temperatures is not certain. Another crystal structure which may
slow oxygen transport is the perovskite structure, and hence CaZr03 is
also considered for the matrix. Figure 3 shows a comparison of the diffusion
of oxygen through several oxides as a function of temperaturatureB.

1.3 OXIDATION OF MoSij:

MoSio» has a melting point of 1980°C (illustrated in the phase diagram
in Figure 4) and the ability to form a protective oxide coating in an <.ygen
environment at temperatures of interest.9-12

The formation of a protective Si0» layer above 927°C in an oxygen
environment prevents the formation of the volatile Si0, MoO» and MoQO3 gases.

This slow oxidation process is called passive oxidation. The initial reaction is:
MoSip + 2 02(g) = MoO(g) + Si0(g) + Si0y(s)

until a continuous protective silica layer is formed. The oxidation of
1oSip may then follow one of these reactions:

5 MoSip + 7 02(q)
or 2 MoSip + 7 02(g)

MogSi3 + 7 Si02 (non-stoichiometric)
2 Mo03(g) + 4 Si0p (stoichiometric)

In an oxygen atmosphere, it is possible that Mo may build up at the
oxid /silicide interface, oxidize and form pinholes in the viscous silica
layer. Si diffuses through the matrix and reacts with oxygen at the

alloy/scale interface. The $i0p formed above 1000°C in an oxygen environment

1-5
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is crystabolite up to 1500°C. The Si0p layer is amorphous with small
regions of crystallinity at the lower end of this temperature range, and
the degree of crystallinity increases with temperature. Above 1500°C, it
is not clear if the silica is crystalline.

As the silica layer becomes more fluid with temperature, the diffusion
of oxygen through the oxide increases, gaseous oxides accumulate at the
oxide/silicide interface and Teads to the failure of the silica layer.

In vacuum (i.e., at low p0p), active oxidation occurs through rapid
volatilization of Si0, leaving behind a Si depleted layer of MogSij on
the surface, the reaction being:

5 MoSip + 7/2 02(g) = MogSi3 + SiO(g)

1.4 OXIDATION OF COMPOSITES OF TiBp/SiC:

SiC has excellent oxidation resistance up to 1650°C. It behaves very
similar to MoSip becauce it also forms a protective layer of silica on
its surface above 1000°C. The oxidation of SiC is as follows!3.14:

SiC + 3/2 02(g) = Si0p(s) + CO(q)

which is believed to occur by inward diffusion of oxygen to the SiC/Si0»
interface.

The oxidation of composites of SiC reinforced with TiBy has been studied
in the temperature range of 800 to 1400°C!5. The initial high rate of
oxidation above 1100°C is believed to be due to the oxidation of the TiB»
particles on the surface of the composites. Although a silica layer forms
on the surface, it is not very protective since the oxygen attacks the
isolated TiBp particles on the surface of the composite and forms boria
glass along with Ti0p. This fluid bcria glass reacts with the viscous
$102 and forms fluid borosilicate glass. This fluid is able to penetrate
into the matrix while the oxygen transported through the glass attack the
SiC and the TiBp within the bulk of the composite. If less TiBp is
encountered, the reaction would cease due to the increase in SiQp in the

1-8




borosilicate glass making it more viscous and reducing its ability to
further penetrate the matrix.
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2. O0BJECTIVES

The main considerations in this program, therefore, are:
(a) The compatability between the selected diboride reinforcements
and oxide matrices at ultrahigh temperatures:
(b) The ability of the selected oxides to prevent penetration
of oxygen to the diboride reinforcements; and
(c) The possibility of a barrier layer of MoSip to prevent the
oxidation of the diborides at ultrahigh temperatures.
In order to accomplish this, particulate composites of selected
combinations of diborides in oxide and silicide matrices were prepared
and tested under a variety of conditions at ultrahigh temperatures.

2-1




3. THERMODYNAMIC CONSIDERATIONS

In order to understand the magnitude of the problems of volatilization
of oxides under the conditions of interest, vapor species diagrams for B-0,
Ti-0, Zr-0 and Si-0 have been constructed. These calculations were made
using standard thermodynamic datal®, Figure 5 illustrates the vapor
pressures of the dominant vapor species as a function of p0y for each of
these systems at 1900 K (1627°C). There is an obvious problem of very
high vapor pressures of boron oxides and silicon oxides at these temperatures,
even at very low partial pressures of oxygen. In the case of the oxidation
of Si, in fact, the formation of volatile Si0 at Tow p0Op results in
active oxidation whereas at higher values of pOp protective silica layer
is able to form.

Increasing the temperature makes the situation even worse by increasing
the partial pressures of the vapor species. Figure 6 illustrates the
vapor pressures of the most volatile species in each of the systems
B-0, Zr-0 and Ti-0 for 1650, 1850 and 2050°C!7. Clearly, the amount of
boria vapor formed at 2050°C is tremendous.
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4. EXPERIMENTAL PROCEDURE

4.1 POWDER PREPARATION

TiBp, ZrBp, Y203 and MoSip powders were obtained from Carboride
Corporation, and fine Zr02 and A1703 powders were obtained from Mangesium
Electron Inc. A second batch of TiBp powder was obtained from Union Carbide.
X-ray diffraction of the powders revealed expected crystal structures except
for MoSip, which contained small amounts of MogSi3, which is believed to
be on the particle surfaces. Figure 7 illustrates the morphologies of
some of the powders used in this study.

Suitable combinations of these powders were mechanically blended and
ball milled in order to obtain the composite compacts. Seven weight
percent Y203 was added to the Zr0p powder in order to obtain a partially
stabilized structure (referred to as YS-ZrQOp in this report). The blended
mixtures were ball milled with Zr02 balls in an ethyl alcohol medium
except in the case of the A1203 blend for which A1203 balls were used.
Ball milling was carried out for 24 hours and was followed by drying
in an oven. The CaZr(03 was prepared by ball milling and calcining a
mixture of CaC03 and ZrQ2. The calcined powder was ball milled again,
along with 10% TiBp. The MoSip and TiBp powders were V-blended prior
to hot pressing.

The following compacts were hot pressed:

[. Oxide Matrix Composites:

1. Zr0p - 7wk Y503 + 5wk TiB»

2. Yp03 + 5w% TiBp

3. Alp03 + 5w% TiBp

4. Ir0p - 7w% Yp03 + 5wk ZrB)

5. Y03 + 5wk ZrB;

6. Al1703 + 5wh ZrBp

7. CalrQ3 + 10wk TiBo
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x1800Q
A1,03 TiB2
Figure /7a. Morphologies of the powders used in thi study.

ZrUy, Y503, A103, TiBp.
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Figure 7b.

MoSip + 20% TiBy

Morphologies of the powders used in the study.
MoSip, MoSip + 20% TiBp.
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P Sailicide and Silicide Natrix Composites:
. MoSio

c. MoSip + 20wy TiBp

3.2 BOT PRESSTHG

The powders were vacuum hot pressed in graphite dies lined with
graphfoil using graphite heating elements and the compacts were approxinately
5 c¢cm in diameter. Figure 8 illustrates a schematic of the hot pressing
equipment. The assembly was first evacuated to a vacuum of about 1x10-2 torr.
The temperature was increased gradually over a few hours and once the
required temperature was reached, the pressure was graduaily applied and
maintained for the duration of the hot pressing. After the hot pressing,
the pressure was released and temperature gradually decreased. Temperatures
of up to 1650”C, pressures of up to 48 MPa and hot pressing times of up to
4 h weve typically used. Table 1 lists details of the hot pressing
conditions used for specific combinations of powders.

Some special specimens were prepared by r~  .sinc small pieces of
these composites embedded inside selertod oxides. In particular, sandwich
composites were made with monoliithic TiBp embedded in HoSip and hot pressed

.
3

in an Al203 matrix in order to cvalu:*: the nntential of the MoSip as a

barrier layer.

4.3 SAMPLE PREPARATION:

The hot-pressed compacts were sectioned into samples about 5 mm
x 5 mm x 5 mm using a low concentration diamond blade, in a bath containing
a cutting fluid. The samples were surrounded with alumina media before
polishing on a Struers Planopol, in order to prevent rounding of the edges.
Grinding was performed on 200 and 600 grit diamond resin bonded wheels.
The samples were then polished on pressure sensitive adhesive nylon
cloths with 6, 3, 1 and 0.1 micron diamond pastes. The nylon cloth
was used to prevent the pulling out of TiBp particles and to prevent the
rounding of the edges.
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Figure 8.
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Table 1 - Hot Pressing Details

Temperature Pressure Tine
YS-Zr0p+ Sw% TiBo 1650°C 7000 psi 2 hrs
Y203 + 5wk TiBp 1650°C 7000 psi 2 hrs
A1503 + 5w% TiB»p 1370°C 7000 psi 2 hrs

YS-Zr0p + 5w% IrBp )
Y203 + 5w IrB) ) Same as for TiB2 composites
A1503 + 5w% ZrBy )

CaZr03 + 10w% TiBp  1650°C 7000 psi 2 hrs
MoSio 1650°C 7000 psi 1 hr
MoSip + 20w% TiBy 1650°C 7000 psi 1 hr

After the heat treatment, the surface layers of the samples were
analyzed using microscopy and X-ray diffraction. The samples were then
remounted and polished through the cross section to be examined further.

4.4 HEAT TREATMENTS:

The specific heat treatments used for the specimens are listed
in Table 2.

4.4.1 In Vacuum:

Vacuum heat treatments were carried out in a Centorr furnace with Ta
heating elements and Ta heat shields. The initial vacuum was about
2 x 10-7 torr which decreased to about 2 x 10> torr during heat up
to temperature and stabilized at about 5 «x 10-% torr for most of the
heat treatment time. Samples were cooled after the heat treatment at
approximately 50°C per minute in vacuum. These specimens had polished
surfaces which were examined by scanning electron microscopy before and
after the heat treatment.
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Table 2 - Heat Treatment Details

Vacuum Air Oxyacetylene

YS-Zr0p + 5Sw% TiBp  1600°C, 1 hr 1650°C, 15 min 1650, 1850, 20%u~C, 1 hr
Y203 + Sw% TiBp ! "
A1903 + 5w% TiBy " " "
¥S-ZrQp + Swh IrBp " "
Y203 + 5wk ZrBp ! !
A1703 + 5w% ZrB» " "
CaZr03 + 10w% TiBj 1475°C, 1 hr
1600°C, 15 mins
1700°C, 1 hr
MoSij 1650°C, 2 hr 1650°C, 15 mins,
8 hr 1 hr, 3 hrs, 4 hrs
MoSip + 20w% TiBp 1650°C, 2 hrs, 1650°C, 15 mins.
8 hrs 1 hr, 3 hrs, 4 hrs

4.4.2 In Air:

Most of the air heat treatments were carried out using an induction
furnace. A graphite susceptor was used around a 2.5 cm 1.D. alumina tube.
The susceptor was embedded in alumina powder which prevented rapid oxidation
of the susceptor and provided insulation. A low density zirconia tube was
used to hold the alumina powder around the graphite susceptor. Current
was applied to a water-cooled copper coil which encompassed the low density
zirconia tube and the temperature was raised at about 20°C per minute.
Figure 9 iliustrates a schematic of the induction heating assembly.

Selected specimens of the oxide-matrix compcsites were exposed to
oxyacetylene flames in air at 1650, 1850 and 2050°C for 1 hour durations
in order to evaluate their oxidation resistance.

The temperature in all experiments was measured by an optical pyrometer.
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4.5 EXAMINATION OF SAMPLES

The hot-pressed compacts, as well as the heat-treated compacts,
were examined using a variety of techniques.

Samples were examined with a Phillips APD 3500 x-ray diffractometer
using copper K radiation. Optical microscopy was carried out with a
Nikon Epiphot microscope under various light conditions including reflected
and polarized light. Nomarski technique was used to highlight the surface
topography.

Scanning electron microscopy was carried out on a JEOL 35CF SEM and
EDS on the SEM was used to obtain chemical information.

A Perkin-Elmer PHI 560 Scanning Auger Multiprobe was used to perform
Auger electron spectroscopy on samples to see if reactions occurred at
interfaces in the samples. However the glass phase caused charging in
most of the samples and prevented significant analysis using this technique.




5. RESULTS AND DISCUSSION
5.1 OXIDE MATRIX COMPQOSITES:

5.1.1 Characteristics of Hot-Pressed Composites

The composites of ZrQp-7w% Y203 with 5w% TiBo and of Y03 with
5w% TiBp, hot pressed at 1600°C and 7000 psi, had very little residual
porosity. Typically within a pressing time of 2 hours a residual porosity
of less than 2 percent is achieved and the diboride particles are well
distributed in the matrix. The composite with A1203 as the matrix resulted
in a severe reaction when hot pressed at 1600°C. However, when the
hot pressing temperature was reduced to 1350°C, a satisfactory composite
was obtained. The CaZrQ3 composites resulted in negr-full density when
hot pressed at 1650°C and 6000 psi for 2 hours. Typical microstructures
of the as-hot-pressed YS-Zr0p, Y203, A1203 and CaZr03 matrix composites
are presented in Figure 10.

5.1.2 Chemical Compatibility in Hot Pressed Compacts

(i) YS-Zr0p Matrix Composites:

A close examination of the interface between the TiBp particles and
the oxide matrix in these compacts, using scanning electron microscopy and
EDAX analysis, revealed no significant reaction at the interface. The
region in the matrix very close to the interface showed only Zr, suggesting
negligible interdiffusion of Ti.

The expected reaction during the hot pressing would result in the
formation of Bp03 vapor at the hot pressing temperature if adequate oxygen
is available at the interface and if the products of the reaction can be
transported away. The required oxygen can be obtained from ZrQ2 since
this oxide exhibits large deviations from stoichiometry and is an n-type

(%2}
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YS-7r0p + 5w% TiB YS-2r0, + 5w% ZrBp

5

SKU X1008 - 2108 188U

Y503 + 5w% TiBj Y503 + 5w% ZrB)

X1000 1188.

Figqure 10a. HMicrographs of oxide matrix composites, as-hot-pressed.

¥YS-Zr0p, Y703 and Alp03 matrix.
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Figure 10b.

Micrographs of oxide matrix composites, as-hot-pressed.
CaZr03 matrix.
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conductor of anions through vacancies. The reaction product, Ti0Op can
dissolve in the ZrCp., on account of its high solubility as indicated
in Figure 11.

B»03 can, hence, form at the interface even at very low pOp according
ta the vapor species diagrams presented in Figures 5 and 6. The resulting
B203 vapor can escape if proper channels or pores are available. Hence,
although significant interface reactions are possible under the hot pressing
conditions, the mechanical pressure applied during the processing seems to
have suppressed this reaction.

A white deposit was found to have coated the inside walls of the
vacuum hot press in the initial hot pressing schedules. X-ray analysis
of this deposit showed it to be iron borate, suggesting that it has been
formed by reaction of boric oxide vapor with the steel walls of the
chamber. This reaction may have occurred during the heatup of the powder
before pressure is applied since Bp03 vapor can escape through the pores
of the loose powder. This reasconing is supported by the rapid improvement
in the vacuum in the chamber as soon as the ram pressure is applied.

In most of the compacts processed for this program, the formation
of the deposit was minimized by using a good vacuum system, as well as
application of some pressure prior to the heatup.

(ii) Y203 Matrix Composites:

In the case of the Y03 composites as well, no obvious reaction zone
was detected at the interface of the TiBp particles and the Yo03 matrix.
However, the deposit on the hot press chamber wall was present in this
system as well when proper precautions were not observed, and {5 once
again believed to be due to the reaction during the heatup.

(i1i) A1203 Matrix Composites:
A severe reaction occurred during the hot pressing of this composite

at 1650°C but not when pressed at 1350°C. The higher temperature is
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believed to encourage the formation of aluminum carbides or aluminum
oxycarbides from reaction with the graphite tooling in the hot press.
In addition, a white deposit (identified as aluminum borate using X-ray
analysis) was found on the chamber walls, suggesting that a reaction
between Al1703 and the Bp03 formed during the heatup.

(iv) CaZr03 Matrix Composites:

The micrographs of the CaZr03 matrix composite also show that there
is no reaction between the oxide matrix and the diboride particles. This
was, in fact, confirmed by very careful transmission electron microscopy.
A TEM micrograph of one such TiBp particle in the composite is illustrated
in Figure 12.

As seen from the micrographs, therefore, both the diborides are
compatible with the oxide matrices, during the hot pressing. This is no
evidence of significant reaction at the interface even at much higher
magnifications. The problems of Bp03 formation in the hot pressing
chamber, which were encountered in the early phases of the program, were
avoided by careful control of the processing sequence.

5.1.3. Compatibility in Vacuum

The composite specimens which were cxposed to vacuum, of 10-0 torr
at 1600°C for 1 hour showed some chemical reactions at the surface. The
exposed surfaces (which were polished prior to exposure) were examined
on the scanning electron microscope and these surfaces are illustrated in
Figure 13. Significant reaction zones are observed on the surfaces
at the interfaces between oxides and diborides for the Y»03 and the
A1703 composites, whereas the reaction was not significant in the case
of Zr0p.

The A1203/TiBp interface shows evidence of grains of another phase
which may be an intermediate phase between Al103 and Ti0p. No signifi-
cant solubility of the two phases is expected in this system according
to the phase diagram in Figure 11. The Y203/TiBp interface shows a
definite diffusion zone which was found to contain significant amounts of
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Figure 12. TEM micrograph of a TiBp particle in a CaZr0O3 matrix.
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YS-Zr0p + Sw% TiBo

A1203 + 5w% TiB)

Y203 + 5w% TiBp

Figure 13. Oxide/diboride interfaces on surface of composites vacuum
treated at 1600°C, for 1 hr.
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Ti. The nature of this zone is not clear. In the case of the Zr0p /TiB>
interface, a solid solution of Ti02 with ZrOo is expected (Figure 11)
but the extent of this zone was not significant.

These results showing some reactions on the polished specimen surfaces
even in vacuum are not surprising, since the thermodynamics predicts a
high vapor pressure of By03 even at Tow pOp values. However, the kinetics
of the reaction is dependent on the rate of arrival of oxygen to the
surface and is directly proportional to the pOp. Hence, although some
surface reaction does seem to occ' ~ in all specimens, the rate is very
slow and restricted to the surfacc.

Metallographic examination of cross sections of exposed specimens
show no detectable reaction at the interfaces of the particles and matrices
even at 1800°C. in all cases. This shows that the small amount of oxygen
in the vacuum takes a long time to be transported to the interior of the
compact and also confirms that the oxides and diborides, by themselves
do not react to any significant extent.

5.1.4. Reactions During Induction Heating in Air

(i) YS-Zr0» Matrix Composites:

Specimens of YS-ZrQp + 5% TiBp and YS-ZrOp + 5% ZrBp which were
induction heated in air for 15 min at 1650°C show that the composite
compacts became completely porous.by blistering and bloating. Micrographs
in Figure 14 illustrate these porous compacts. Evidently the formation
of BpC3 was very rapid and the vapor forced its way out. The pores
in the compact with TiBp are smaller than those with ZrBp and this may
be due to the formation of Ti0p which can dissolve up to 20% in the
IZr0p matrix and lower its melting poinc¢ and presumably its strength.

X-ray analysis of the compact revealed some ZrTiQ4 but no Zr or Ti borates.
The ZrBp, on the other hand, is changed to the matrix phase Zr0p. Another
factor contributing to the difference in the behavior of ZrBs and Ti3p

may be the volatility of Ti0.
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Fiqure 14. Micrographs of sections of YS-Zr0p and Y203 matrix

composite specimens heat treated in air at 1650°C for 15 min.
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(i1) Y03 Matrix Composites:

The Yo03 + 5% TiBp and Y03 + 5% ZrBo composites also became very
porous when induction heated in air for 15 min at 1650°C. However, in
these specimens the porosity was less severe, although larger and more
isolated (as illustrated in Figure 14). At the same time, a large amount
of liquid phase is evident in the microstructure and this liquid phase
caused the sample to lose its shape during the heat treatment. The
isolated and rounded pores left behind in the Y203 matrix suggest that
the B203 cannot force its way out of the Yp03 as readily as in the Zr0»
matrix. Observation of the sample during the heat treatment showed
that it loses shape suddenly at just below 1650°C, and this must be
the onset of the formation of the liquid phase. X-ray analysis revealed
significant amounts of lTow melting Y3BOg and Y,TiQg in the sample, which
may be the liquid phase observed in the microstructure. Figure 15 illustrates
part of the phase diagram for Yp03-B203.

(ii1) Al1203 Matrix Composites:

The A1203 + 5% ZrBp composites are the most promising since when
induction heated for 15 min at 1650°C, the specimens did not blister
or bloat. The specimens only changed color from the grey of the hot-pressed
samples to the white expected for A1203. This was due to oxygen pickup
and the extent of the transport of oxygen could be traced by a transition
in the color across the cross section. Figure 16 illustrates micrographs
of the inner and outer zones for the two composites.

Although macroscopically the compact looks intact, microscopic
examination revealed that the outer zone was very porous in the TiB»
sample and contained evidence of interconnected liquid phase in the
IrBp sample. The inner region for the TiB» composite contained evidence
of reactions and the formation of a liquid phase even though the matrix
A1203 did not pick up oxygen (as indicated by absence of change in color).
This suggests short circuit transport of oxygen through the interconnected

Tiquid phase. The inner region of the ZrBy sample, nevertheless, remained
intact.
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Al1203 + 5w% TiBjp
Quter Zone Inner Zone

OQuter Zoné . ' ' Inner Zone

Figure 16. Micrographs of sections of A1203 matrix composite specimens
heat treated in air at 1650°C for 15 min.
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The severity of the reaction during induction heating in air at
1650°C is, hence, less in the case of the ZrBy composite than in the
case of the TiBp composite.

(iv) CaZr03 Matrix Composites:

Specimens of CaZr03 matrix composites when heat treated by induction
in air at 1475°C for 1 h, at 1600°C for 15 min and at 1700°C for 1 h,
showed significant reactions as illustrated in Figure 17.

The specimen which was heat treated at 1475°C (Figure 17a) shows the
transition between the reacted zone and the unreacted zone. In the
reacted zone a significant amount of liquid phase has formed and consumed
most of the diboride particles. In the unreacted zone the diboride
particles are essentially intact. With more time, this part of the compact
will also be expected to react.

The specimen which was exposed at 1600°C (Figure 17b) showed a
similar reacted zone as in the specimen exposed at 1475°C. The depth and
severity of the zone was, however, more significant. SEM/EDS analysis of
the regions of the matrix around the diboride particles in the transition
zone shows that regions surrounding TiBp particles are depleted in Ca,
suggesting that Ca0 may have been lost. It is not clear, however, where
this Ca0 has gone.

The specimen exposed at 1700°C has none of the diboride particles
left in their original form. A liquid phase network surrounding the
CaZrQ3 particles is observed (Figure 17c) and is believed to be a combi-
nation of Bp03 as well as Ca(Zr,Ti)03, which melts at about 1700°C.

[t, therefore, appears that CaZr03 is superior as a matrix compared
with either Zr0p or Y203, since it does not allow the B203 to bubble away
leaving behind a porous network. This must be due to its perovskite
crystal structure. However the diborides do react with the matrix in
the presence of oxygen, resulting in a reaction zone with a large amount
of Tiquid phase, particularly at higher temperature.




(a) 1475°C, 1 h

(b) 1600°C, 15 min

(c) 1700°C, 1 h

Figure 17. Sections of CaZr03 matrix composite specimens heat treated
in air (a) 1475°C for 1 h, (b) 1600°C for 15 min and (c)
1700°C for 1 h.




5.1.5. Oxidation Reactions in Oxyacetylene Flames

\lhen the specimens of ZrQ02-7w%Yp03 + SwiTiBp were exposed to oxy-
acetylene flames at 1650, 185C and 2050°C for 1 h, all specimens developed
large blisters on the surfaces. The extent of the area covered by blisters,
as well as the size of the individual blisters, increased with increasing
oxidation temperature. In addition to the blisters, the exposed surfaces
were characterized by a glassy appearance.

The oxidized specimens revealed a large amount of porosity, the
size and severity of the porosity increasing with increasing temperature
of treatment. A cross section of the specimen exposed at 1650°C is
shown in Figure 18a and schematically represented in Figure 18b. Figure 19
illustrates the cross section of specimens exposed at 1850 and 2050°C.
A gradient in the pore sizes is observed, with the pores being larger
and more severe near the top surface directly exposed to the flame. The
size and distribution of the pores at the bottom of the specimens correspond
well with the size and distribution of the original TiBp particles in the
unoxidized composite samples.

The Ti diboride particles have completely reacted with the oxygen
from the atmosphere. The titanium oxide forms a solid solution with the
zirconia matrix and the Bo03 vapor is lost to the atmosphere. Wavelength
dispersive analysis of the matrix for boron confirms that the level
of boron in the matrix and in the pores is not significant. The dissolution
of significant amounts of titanium in the zirconia is confirmed by the EDX
analysis. Furthermore, the concentration of Ti increases in the matrix
towards the surface exposed to the flames and makes the zirconia near
the top of the specimen translucent. The exposed surface layer is also
characterized by the presence of glassy beads, which are suspected to be
titanium rich zirconia which has a lower melting point than that of
pure zirconia.

The removal of Bp03 in the form of vapor results in the formation of
nores at the sites of the diboride particles. Oue to the pressure buildup
in the pores, the pore size increases and pore coalescence takes place
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at higher temperatures and nearer the exposed surface. The transport
of BpG3 is through an interconnected network of pores created by the
pressure of buildup. In addition, the poor thermal shock resistance
of Zr0Op will increase the likelihood of developing cracks and channels
during the exposure, through which not only can the 803 escape, but

more catastrophic ingress of oxygen can occur.
5.2. SILICIDE MATRIX COMPQSITES

5.2.1. Chemical Compatibility in Hot-Pressed Compacts:

Typical microstructures of the MoSip compact and the MoSip + 20% TiBp
composite compacts using polarized light and Nomarski technique are
illustrated in Figure 20. X-ray diffraction has shown small amcunts
of MogSij in both the compacts, and traces of MoB in the composite compact,

indicating some reaction of the MoSip with the TiBp during the hot pressing.

However, the higher magnification microstructure (illustrated in Figure 21)
does not reveal any obvious reaction zone. Upon closer examination

using EDS mapping of elements, some of the darker regions of this micro-
structure have been identified as Si rich, suggesting the presence of a
silica phase at the interface between the TiBz and the MoSi;. Table 3
lists the details of the X-ray analysis of the specimens.

5.2.2. Compatibility in Vacuum

(i) MoSip:

The MoSip specimen heat treated in vacuum showed an increased amount
of MogSi3 and some Mo on the surface along with porosity, indicating
active oxidation of Si in the form of Si0 vapor which is removed by
the vacuum. Thermodynamically, Si0 vapor can exert a significant vapor
pressure under these conditions. This is similar to the case of oxidation
silicon. Figure 22 illustrates the cross sections of samples of MoSip heat
treated in vacuum at 1650°C, for 2 hours and 8 hours respectively. EDS
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Figure 20. Micrographs of hot-pressed MoSip: (a) Polarized, (b) Nomarski
and MoSip + 20% TiBp, (c) Polarized, and (d) Nomarski.
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(c)

Figure 21. Micrographs and EDS maps of hot-pressed MoSip+20% TiBp composite.
(a) Ti map, (b) Si map and (c) Mo map.
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50 um

Figure 22. Micrographs of specimens of MoSip, heat treated in vacuum at
1650°C for (a) 2 h (Polarized), (b) 2 h (Nomarski),
(c) 8 h {Polarized), and (d) 8 h (Nomarski).
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Table 3 - Results of X-ray Diffraction Analysis of MoSip and MoSip

+20% TiB)

Specimens.

Condition Area Composite | MoSi,
Powder S-MoSi; m-TiB; S-MoSi.
w-Mos Sty w-Mo:Si,
As-Hot Pressed S-MoSi.,m-TiB,, S-MoSi.,
vw-MosSi; vw-Mo:Si,
Alr 15 min at 1650°C Surface S-Ti0,. S-MoSi;.
w-MoSi, w-Si10., w-MosS'»
Cross Section | As-HP As-HP N
Air 1 hour at 1630°C Surface S-TiO, S-MoSi..
| w-MoSi, w-810., w-MosSi,
! Cross Sec’ on | As-HP As-IiP
Air 4 hours at 1650°C Surface VS-TiO, S-MoSi..
vw-MoSi, w-MosSi,
Cross Section | As-HP As-HP _j
Vacuum 2 hours at 1630°C Surface | S-MoB. S-MosSis, S-MogSis,
w-TiBa in -MoSiqgs
Cross Section | As-HP, S-MoSi.,
vw-MoB w-MosSi,
Vacuum R hours at 1650°C Surface S-MoB S-MogSi,
vw-TiB., vw-MosSi;
Cross Section | As-HP, S-MoSi,,
vw-MoB m-MosSis

L

definitions:

As-HP : the x-ray pattern was similar to the as-hot pressed

VS- : the x-ray peaks of this material were very strong

S- : the x-ray peaks of this material were strong

m- : the x-ray peaks of this material were medium
w- : the x-ray peaks of this material were weak

vw- : the x-ray peaks of this material were very weak
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mapping of an area (illustrated in Figure 23) clearly reveals the Si-depleted
layer of MogSi3 beneath the surface formed as a result of the active
oxidation of Si.

(i1) MoSip + 20% TiBp:

dhen the composite containing TiBp is exposed to vacuum, active
oxidation is again observed just as in the case of the MoSip. A reaction
zone near the surface shows porosity where not only has the Si oxidized,
but the TiBp particle near the surface have oxidized and vaporized. Figures
24a and b illustrate cross sections of the composite compact specimens
exposed for 2 h and 8 h to vacuum at 1650°C. The presence of the TiB»
particles in the 11oSip has increased the reaction zone to some extent
although not dramatically. Table 4 compares the depths of the reaction
zones for the monolithic and composite compacts, and shows that the
active oxidation of the Si is not modified significantly by the presence
of the diboride. An interesting observation based on EDS mapping of
the cross section of the sample exposed for 8 h (Figure 25), is the
presence of a thin layer of MoB (confirmed by X-ray diffraction) under
the surface, but above the togSi3 layer.

5.2.3. Reactions During Induction Heating in Air:

(i) MoSin:

When the MoSip is exposed to air instead of vacuum, a glassy layer
forms on the surface and this layer appears to slow further reaction
with the air. Some crystalline Si0p is found within this glassy layer
and the microstructure indicates passive oxidation by formation of a
protective silica glass on the surface. Figure 26 illustrates the formation
of a glassy layer on the surface of MoSip heat treated in air for 15 m,
T h ard 4 hours. When these samples are polished at a slight angle to
partly remove the glassy layer, the grain structure of the underlying MoSi)
is clearly evident as illustrated in Figure 27. Thic suggests that an
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Figure 23. Micrographs and ENS maps of MoSip heat treated in vacuum at
1650°C for 8 h: (a) Si map and (b) Mo map.
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(c) (d)
Figure 24. Micrographs of specimens of MoSip + 20% TiBy, heat treated
in vacuum at 1650°C for (a) 2 h (Polarized), (b) 2 h (Nomarski),
(c) 8 h (Polarized), and (d) 8 h (Nomarski).
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fable 3 - Conparison of Thickness of Scales Formed on the Surface of

the Composite MoSip + 200 TiBp and Monolithic taSiy.

In air at 1650°C

Thre Composite  MoSis |
LD min 1.7 Aum
| hour 42010 1.0um }
[ 4 hour 1R um 25um l
[n vacuum at 1650°C
Time | Composite l Moz, l

N T - BY%
3 hour | 34um (max. 62 um) | 18um {max. 29 pm)
S hour ;03unxhnax,123;un) 86unxhnax.100unﬂ
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LRI

(b)

Figure 25. Micrographs and EDS maps of MoSiy + 20% TiBp heat treated
in vacuum at 1650°C for 8 h: (a) Ti map, (b) Si map and
(c) Mo map
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(b)

(c)

Figure 26. Microqraphs of surfaces of MoSip specimens heat treated
in air for 1650°C for (a) 15 min, (b) 1 h and (c) 4 h
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Figure 27. Micrographs of surface of MoSi) specimens heat treated in
air 4t 1650°C for 4 h and polished at an angle of about 10°.
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intermediate layer of MogSi3 does not form. A micrograph of the cross
section of a sample exposed for 4 h in air at 1650°C as illustrated

in Figure 28 and confirms the presence of a glassy layer on the surface
of the specimen without a MogSi3 layer under it. The reason for the
absence of a layer of MogSi3 is not clear but it is possible that the
oxidation of the !oSip under the glassy layer is stoichiometric, in
which case the whereabouts of the resulting Mo oxides is not known.

(i1) McSip + 20% TiBy:

When the composite sample is exposed to air at 1650°C, a glassy
protective layer is once again formed although the thickness of this
layer is much larger than that on the monolithic MoSip samples (Table 4).
In addition, crystals of TiOp are observed within this glassy layer
near the glass alloy interface, as illustrated in the surface micrographs
(Figure 29) and the micrographs of the cross sections (Figure 30). The
glassy layer is once again protective, but appears to be not as protective
as the pure silica layer on the MoSip. This is believed to be because
the layer in the case of the composite specimen consists of significant
amounts of B»03. Nevertheless, the presence of the glassy layer prevents
any significant reaction of the diboride particle even near the surface
of the composite compact. The glassy layer contains significant amounts
of crystalline Ti0p in addition to a borosilicate glass. It is interesting
that in this case the glassy layer has a thin layer of MogSi3 underneath
it {as illustrated in Figure 31), suggesting that the presence of B03
in the glass somehow modifies the oxidation of the MoSip underneath
to a nonstoichiometric type. The effect of Bp03 in making the silica
less protective is not surprising since B203 Towers the melting point
and, hence, the viscosity of the silica as illustrated in Figure 32.

5.3 SANDWICH COMPQSITES:

Since it appeared that in the particulate composites described
above, reaction begins with the diboride particles very close tc the
surface of the composites, some sandwich composites i.e., composite
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Figure 28. Micrograph of cross section of MoSip specimens hcut treated
in air at 1650°C for 4 h.
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(c) (d)

Figure 29. Micrographs of surfaces of MoSip + 20% TiBp specimens heat
treated in air at 1650°C for (a) 15 min, (b) 1 h and (c) 4 h.
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Figure 30.

(b)

(c)

Micrographs of cross sections of MoSip + 20% TiBp specimens heat
treated in air at 1650°C for (a) 15 min, (b) 1 h and (c) 4 h.
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(b) (c)

Figure 31. Mfcrographs and EDS maps of MoSip + 20% TiBp heat treated in
air at 1650°C for 4 h: (a) Ti map, (b) Si map and (c) Mo map.
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compacts embeddeu in oxides matrices were prepared in order to evaluate
the effectiveness of the matrices in preventing transport of oxygen.
such sandwich composites, although effective in sligutly delaying the
degradation of the diboride particles further inside the compact, were
not very effective in reducing the deqradation dramatically, suggesting
that transport of oxygen through the oxides 1S very rapid and increasing
the thickness ot the oxide layer 1s not enough to slow the process signifi-
cantly. The specimens of this type, when exposed to air at 1650°C,
however, provide some understanding of the manner in which the B203
vapor makes 1ts way out of the compact. The Zr0» grain boundaries are
opened up for the escape of Bp03 for a sandwich composite of ZrQp +
5% TiBp inside Zr0s.

Several attempts were made to modify the matrix with higher level of
Y203 1n the YS-ZrQp, and were not much better than the results described above.

Since the disilicides were so effective in delaying the oxidation
of the diborides, a sandwich composite was made. Monolithic diboride
(2 mm x 2 mm x 2 mm) was hot pressed in MoSip powder and samples of this
were further hot pressed in A1203 powder. Specimens of this type were
exposed to temperatures as high as 1800°C for extended periods of time
and showed no significant reactions. These results point to the promise
for using Al703 matrix composites with disilicides as oxidation barriers
between the oxide matrix and diboride reinforcement. Figure 33 illustrates
micrographs of the interfaces between the diboride and silicide, on one
side, and that between the disilicide and the Al203 on the other side,
for sandwich composite specimens exposed to 1650°C for 1 h and 1850°C
for 1.5 h. An intermediate diffusion layer of MogSi3 is formed at the
interface diffusion Tayer and the thickness of this zone increases with

the temperature of exposure.
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6. CONCLUSIONS AND RECOMMENDATIONS

The use of diborides as reinforcements in matrices of Zr0» and
Y203 for very high temperature structural applications in oxidizing
environments has serious limitations because of the rapid transport
of oxygen through these oxides and consequent rapid oxidation of the
diborides to B»03 vapor. Even at temperatures of 1650°C, the diboride
reinforcements oxidize completely in very short periods of time, and
leave behind a porous sponge of the matrix oxides.

Although A1203 and CaZr03 with their tighter crystal structures
are slightly better than the Zr02 and Yp03 (which have open crystal
structures), even these matrices allow rapid penetration of oxygen through
them at ultrahigh temperatures. The oxygen penetrates to the interface
of the diboride reinforcement and leads to the formation of liquid phase
due to the interactions between several types of oxides including the
very low-melting Bp03. Hence even at 1650°C, in short periods of exposure
to air, even though pores are not formed, the diborides rapidly enter
the liguid phase which forms an interconnected network.

The disilicides, on the other hand, offer a promising matrix for
the diborides, since in air the Si forms a protective silica glass. The
silica glass slows the transport of oxygen to the diboride particle
to a considerable extent at 1650°C. However, the reaction of the diboride
near the surface with the silica results in the formation of a more
fluid and less protective borosilicate glass. In spite of this, the
possibility of using silicides either as matrix materials or as barrier
lTayers appears to be promising.

Further work needs to be carried out to evaluate these promising
trends with disilicides for longer periods of exposure and to identify
the details of the mechanisms involved. Some of these mechanistic discussions
based on the present recort will be published in graduate theses and technical
papers which are being prepared.
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Nevertheless, although the oxide matrix composites are not promising
for applications in air, they behave very well at these temperatures
in vacuum environments, since the combinations of oxides and diborides
are found to be extremely compatible based on the observations of hot-
pressed samples and samples exposed to vacuum.
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